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Highlights:  
 
 Hydroxyurea oxidizes irreversibly on gold electrodes. 
 CO2, N2O and isocyanic acid (HNCO) have been detected in solution using 
IRRAS. 
 ATR-SEIRAS and DFT show the formation of adsorbed cyanate and 
nitrosoformamide. 
 DFT results indicate weak adsorption of hydroxiurea at Au surfaces. 
 
Abstract  
The oxidation of hydroxyurea (H2NCONHOH, HU) at Au(100), Au(111) and Au(111)-25 nm thin 
film electrodes is studied spectroelectrochemically in perchloric acid solutions. HU, which in 
agreement with DFT results interacts weakly with the gold surfaces, oxidizes irreversibly at gold 
electrodes irrespective of the surface orientation. The in situ external reflection spectra prove the 
formation of dissolved carbon dioxide and adsorbed cyanate as products of the HU electrooxidation 
reaction. A band at ca. 2230 cm-1 can be related both to dissolved isocyanic acid coming from the 
protonation of adsorbed cyanate or to nitrous oxide coming from the oxidation of hydroxylamine, 
which is formed (together with adsorbed cyanate) upon the chemical decomposition of hydroxyurea.  
ATR-SEIRAS experiments allow the observation of other adsorbate bands that can be tentatively 
ascribed to reaction intermediates that conserve the NCN skeleton and are bonded to the metal by the 
nitrogen atoms at near on-top positions. Bonding to the surface can be either unidentate or bidentate, 
involving covalent-type bonds or dative bonding – through the lone pairs of the N atoms. Some of 
the signals of the experimental spectra, in particular those appearing around 1800 cm-1 can be 
assigned to the CO stretch of adsorbed intermediates having a nitrosyl group formed by oxidation of 
the NOH moiety (namely, adsorbed nitrosoformamide or its deprotonated form). The bands observed 
around 1650 cm-1 can correspond either to the NO stretching mode of the former species or to the 
CO stretching modes of adspecies conserving the NOH group. 
 
Keywords: Au(111); Au(100); gold thin film ; hydroxyurea electrooxidation; IRRAS; ATR-SEIRAS 
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1. Introduction.  
Hydroxyurea (HU, also named hydroxycarbamide, NH2CONHOH) is a simple derivative of urea that 
has been used as an effective treatment against sickle cell anemia and other cancers [1-4]. Several 
research works have been published regarding the homogeneous chemical oxidation of  HU [5-9].  
Under these conditions the formation of nitrosoformamide (NH2CONO), coming from  a nitroxyl 
radical (NH2CONHO·), has been proposed [5-9].  Final products reported for the oxidation of HU 
are carbon dioxide [5-9], ammonia [5-8], hydroxylamine [7] and nitrous oxide [5-8]. Nitrate and 
nitrite have also been detected in solution and considered as evidences of the formation of nitric 
oxide [9].  The latter species has been proposed to be at the origin of some beneficial effects of HU 
[1,2]. 
In contrast with the publication of various papers dealing with the adsorption and oxidation of urea 
[10-15] and some of its derivatives such as semicarbazide [16]  or carbohydrazide  [17], there are 
only a few studies regarding the electrochemical behaviour of HU. Naik et al. studied 
voltammetrically the electrochemical oxidation of HU at carbon electrodes [18,19] assuming the 
formation of nitrosoformamide as the reaction  product via a two-electron oxidation reaction. 
Nigovic et al. studied voltammetrically the redox behavior of the Fe(III)-HU complex at a platinum 
electrode [20]. In a recent paper [21] , we reported for the first time the electrochemical behavior of 
HU at (111)-oriented gold electrodes by combining voltammetric experiments with in situ infrared 
experiments both under external reflection (IRRAS, InfraRed Reflection Absorption Spectroscopy) 
and internal reflection (ATR-SEIRAS, Attenuated Total Reflection - Surface Enhanced Infrared 
Reflection Absorption Spectroscopy) conditions. In this work, the formation of carbon dioxide and 
adsorbed cyanate as reaction products was proved, thus suggesting the existence of parallel paths 
regarding the fate of the carbon atom in the HU molecule. Formation of cyanate indicates the 
occurrence of a process that could be considered as the opposite of the synthesis of hydroxyurea 
from hydroxylamine and cyanate [1]. Regarding the formation of carbon dioxide, this could come 
from the oxidation of adsorbed cyanate [22,23] as well as from the direct oxidation of HU to 
hydroxylamine. The latter species would readily oxidize at gold electrodes to nitrous oxide [24]. This 
species could be at the origin of the band at 2231 cm-1 detected in the external reflection infrared 
spectra. Alternatively, this feature could also be related to the protonation of adsorbed cyanate to 
yield isocyanic acid in solution. Finally, the ATR-SEIRA spectra provided evidences for the 
formation at the gold electrode surface of some oxidation intermediates other that adsorbed cyanate. 
One of these adspecies was tentatively proposed to be adsorbed nitrosoformamide [21]. However, 
the assignment of such a band, as well as other bands observed in the ATR-SEIRA spectra, requires 
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the calculation of geometries and frequencies for the adsorbed species that could be formed upon HU 
reactive adsorption and electrooxidation.  The aim of this work is to present the results of DFT 
(Density Functional Theory) calculations of the optimized geometries and harmonic vibrational 
frequencies of some plausible adsorbed intermediates that can be formed from HU at the Au(111) 
surface. On the basis of these results, we assign the adsorbate bands observed in ATR-SEIRAS 
experiments between 1900 and 1300 cm-1. In addition, the preliminary experimental 
spectroelectrochemical study of the HU electrooxidation reaction is extended to a wider range of HU 
concentrations and to the structural aspects of this surface process by showing the results obtained 
with Au(100) electrodes.  
 
2. Experimental Section 
HU solutions were prepared by dissolving the corresponding amount of the solid (98% Calbiochem 
® Merck Millipore) in perchloric acid solutions made from the concentrated acid (Merck 
Suprapur®) and ultrapure water (18.2 MΩ·cm, TOC 50 ppb max, Elga Vivendi). These solutions 
were deaerated with Ar (N50, Air Liquide) and blanketed with this gas during the experiments. 
Solutions in deuterated water were prepared with deuterium oxide (99.9 atom %D, Aldrich) which 
was used as received.  
Clavilier’s method [25,26] was employed to prepare, from a 99,9998% gold wire (Alfa-Aesar), the 
single crystals used as working electrodes in the electrochemical (ca. 2.0 mm in  diameter) and in 
situ external reflection infrared spectroscopy (diameter around 4.5 mm) experiments. Prior to each 
experiment, these electrodes were heated in a gas-oxygen flame, cooled down in air and protected 
with a droplet of ultrapure water [26-28]. In the internal reflection infrared spectroscopy 
experiments, the working electrode was a 25 nm-thick gold thin film (Kurt J. Lesker Ltd., 99.999%) 
thermally evaporated on a low oxygen-content silicon prism (Pastec Ltd, Japan) . Film deposition 
was carried out in the vacuum chamber of a PVD75 (Kurt J. Lesker Ltd.) coating system at a base 
pressure around 10-6 Torr. A quartz crystal microbalance was used to monitor both the deposition 
rate, which was fixed at 0.006 nm s-1, and the thickness of the gold film. Once in the 
spectroelectrochemical cell, first filled with  a 10 mM CH3COONa + 0.1 M HClO4  solution,  the 
gold thin film was gently cycled in the oxygen adsorption/desorption region to eliminate traces of 
organic molecules and then electrochemically annealed in the same solution by cycling at 20 mV·s-1 
from 0.05 to 1.20 V for one hour [29]. Then, the cell was flushed with 0.1 M HClO4 solution to 
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achieve the total removal of acetate anions, which is checked by the absence of the corresponding 
bands in the ATR-SEIRA spectra. Due to the preferential (111) orientation of the obtained surfaces 
[29,30], these samples will be noted in the following as Au(111)-25nm.  
All the voltammetric and in situ infrared experiments were performed in glass cells using a 
reversible hydrogen electrode (RHE) as the reference electrode and a gold wire as the counter 
electrode. The spectroelectrochemical cells used in this work are equipped with a prismatic window 
(Si or CaF2, for the internal and external reflection experiments, respectively) beveled at 60° [31,32]. 
In situ infrared experiments were carried out with a Nexus 8700 (Thermo Scientific) spectrometer 
equipped with a Veemax (Pike Tech.) reflectance accessory, a MCT-A detector and a wire grid ZnSe 
polarizer (Pike Tech). All the spectra were collected with a resolution of 8 cm-1 and are presented in 
absorbance units (a.u.) as –log(R/Ro), where R and Ro represent the single beam sample and 
reference reflectivity spectra, respectively. Thus, positive-going and negative-going bands 
correspond, respectively, to gain or loss of species for the sample spectrum with respect to the 
reference spectrum. Sets of 100 interferograms were collected at different sample potentials and 
referred to a reference single beam spectrum collected in the HU-containing solutions at 0.10 V.  In 
some ATR-SEIRAS experiments the spectra were collected in a rapid scan mode while the electrode 
potential was swept at 2 mV·s-1. Each spectrum was the average of a set of 104 interferograms which 
were collected in ten seconds, thus corresponding to a 20 mV interval.  
 
 
3. Computational details.  
Optimized adsorption geometries and harmonic vibrational frequencies of several adsorbates that can 
plausibly be formed from the reactive adsorption of HU at Au(111) electrodes were obtained from 
DFT calculations using the Vienna Ab-Initio Simulation Program (VASP, v 4.6) [33-36]. 
All calculations were carried out with the Projector-Augmented Wave (PAW) method [37] using the 
pseudopotentials of Kresse and Joubert [38], with a cutoff of 400 eV. The version of Perdew, Burke 
and Ernzehof [39,40] for the GGA (Generalized Gradient Approximation) functional was used. Spin 
polarization and van der Waals corrections were not included in the reported calculations. 
The slab used to model the Au(111) surface consisted of four layers (9 gold atoms each) with (3x3) 
surface periodicity. Optimized geometries of the adsorbates were obtained by allowing the relaxation 
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of the positions of the light atoms. No relaxation of the metal was allowed. The positions of the metal 
atoms were fixed with the bulk symmetry, and with a metal-metal distance of 0.29520 nm, obtained 
from the fit to a Murnaghan equation of state using the same PBE functional. The surfaces of 
neighbouring slab replicas were separated by a vacuum region of more than 12 Angstrom. 
Smearing was accomplished with the order-2 Methfessel-Paxton method [41] (with sigma=0.2 eV). 
For the sampling of the Brillouin zone we used the automatic Monkhorst-Pack [42] method, with a 
gamma-centered (3 x 3 x 1) scheme. The convergence energy threshold was 10-5 eV for the electronic 
step, and the Hellman-Feynman forces on atoms were required to be below 0.02 eV/Angstrom for the 
geometry optimization. 
For each optimized geometry the harmonic vibrational frequencies were calculated (both for the H- 
and D-containing adspecies) from the energies corresponding to displacements of +/-0.02 Angstrom 
in each coordinate. The main contributions to the normal modes corresponding to the calculated 
vibrational frequencies were visualized using Jmol [43]. The calculated frequencies are reported 
without any scaling correction. From similar studies in previous work, we can estimate the relative 
error (in average) of the calculated frequencies to be below 2-3% of the theoretical frequency value.  
 
4. Experimental results. 
4.1. Voltammetric experiments. 
Panels A and B in Figure 1 show cyclic voltammograms obtained with Au(111) and Au(100) 
electrodes in contact with perchloric acid solutions with HU concentrations ranging from 0.010 to 
10.0 mM. After immersion of the flame-annealed electrode in the working solution at 0.10 V, the 
electrode potential was cycled from 0.05 to 1.10 V, thus avoiding significant oxidation of the 
electrode surface. The curves reported in Figure 1A and B correspond to the first voltammetric cycle 
recorded under these conditions. Figure 1C shows the voltammograms recorded in the first cycle up 
to 1.10 V with a Au(111)-25nm gold thin film electrode after dosing HU at 0.10 V in the perchloric 
acid solution.  In comparison with the voltammetric response recorded in the HU-free solution, it can 
be pointed out that no significant extra contribution associated to the presence of HU is detected for 
potentials below 0.70 V [21]  (see also figure S1). Above this potential threshold oxidation currents 
appear that become higher for increasing HU concentrations.  For low HU concentrations, several 
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current maxima can be observed with peak potentials between 0.70 and 1.10 V. For the higher HU 
concentrations, a main oxidation peak is observed at ca. 1.0 V, with a shoulder at ca. 0.90 V. 
The shape of these voltammetric profiles clearly indicates the chemically irreversible character of the 
HU electrooxidation. The complexity of the current density pattern suggests the existence of 
processes involving adsorbed species. The overall shape of the voltammograms is in agreement with 
the electrooxidation currents being limited by adsorption-related processes. This is especially evident 
in the case of the Au(100) surface. On this electrode, the positive- and negative-going sweep currents 
due to HU oxidation are practically coincident (see Figure 1B). As previously reported for (111)-
oriented electrodes [21], the observed oxidation currents steadily decrease with continuous cycling 
between 0.10 and 1.10 V irrespective of the surface orientation (Figure S1).  The stationary curves 
for the Au(111) electrode are reached in the seventh and second cycle when cycling at 50 and 5 
mV·s-1, respectively (see Figure S2). Besides, the decrease of the voltammetric currents is faster 
when the lower potential limit is set at higher values, restricting the potential sweep to the range 
where HU oxidation currents are observed. These behaviors suggest a fast accumulation of adsorbed 
species which block the surface sites, thus inhibiting the oxidation reaction.   
Regarding the structural aspects of  HU oxidation at gold electrodes, we can first note that the shape 
of the voltammetric profile recorded for the gold thin film electrode is similar to that of the Au(111) 
single crystal electrode, as expected from the preferential (111) orientation of the former.  On the 
other hand, the main difference between the voltammetric behavior of the Au(111) and Au(100) 
electrodes in the HU-containing solutions is appreciated in the potential region between 0.70 and 
0.90 V for HU concentrations up to 1 mM. In this way, a well-marked oxidation peak at 0.82 V is 
observed for the Au(100) electrode in the 0.1 mM HU solution that is not observed for Au(111).  In 
order to explain the behaviour of the Au(100) sample it must be taken into account that the HU 
electrooxidation currents may overlap with a voltammetric peak related to the potential-dependent 
lift of the surface reconstruction characteristic of the flame annealed Au(100) surface [27,28]. This 
latter process gives rise to the voltammetric feature observed at ca. 0.90 V for the HU-free solution 
(see curve a in Figure 1B). This feature is known to shift to less positive potentials with increasing 
concentrations of specifically adsorbed species [27]. This behavior can be also observed in Figure 1B 
in the HU-containing solutions. For HU concentrations equal or higher than 1 mM,   this peak 
appears as a shoulder of the main HU oxidation currents.  
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4.2. In situ infrared spectroscopy experiments. 
4.2.1.  IRRAS experiments with Au(111) and Au(100) electrodes.  
Figure 2 shows sets of potential-dependent external-reflection infrared spectra collected with p- or s-
polarized light for Au(100) (panels A and B) and Au(111) (panel C) electrodes in a 10 mM HU + 0.1 
M HClO4 solution. The spectra were obtained at various electrode potentials from 0.10 V up to 1.10 
V (and then down to 0.10 V) by applying ±0.10 V increments and are referred to the single beam 
spectrum collected, in the same working solution, at 0.10 V just after setting the thin-layer 
configuration with the flame-annealed electrode. Only some of the spectra collected in the positive-
going excursion are shown in the spectral region where well-defined bands appear (i.e. between 2500 
and 1900 cm-1). As reported for Au(111) [21], the only features appearing above 2500 cm-1 and  
between 1800 cm-1 and the cutoff of the CaF2 windows are those related to changes in the baseline in 
the O-H stretching and bending regions of water molecules.  
The thin layer configuration used in external reflection experiments helps in the identification of 
dissolved species which are either trapped or depleted in the space region between the electrode 
surface and the infrared window (transmission-like experiments). According to the surface selection 
rule for external reflection experiments [44], the observation of a given absorption band both with s- 
and p-polarized light indicates that it stems mainly from non-adsorbed species. This is the case for 
the features at ca. 2345 and 2230 cm-1 in the spectra of Figure 2 for both the Au(100) and Au(111) 
electrodes in the HU-containing solution for potentials above 0.70 V. The band at ca. 2345 cm-1 can 
be assigned to the asymmetric OCO stretching of carbon dioxide and shows for both electrodes a 
similar potential-dependent behavior (see Figure S3). The band at ca. 2230 cm-1 appears also for 
potentials above 0.70 V (Figure S3) thus being related, as that for CO2, to the HU electrooxidation 
reaction. As discussed previously for the Au(111) electrode [21], the band at ca. 2230 cm-1 can be 
assigned either to the N-N stretching of nitrous oxide (N2O) or to the asymmetric NCO stretching of 
isocyanic acid. The latter species,  which is a weak acid (pKa = 3.77 [45,46]), would be formed in 
the perchloric acid solution by protonation of adsorbed cyanate anions whose presence is witnessed 
by an adsorbate band at ca. 2160 cm-1 [21].  
The feature at ca. 2160 cm-1 is only observed in the spectra collected with p-polarised light and 
appears as a more defined band in the case of the Au(100) (Figure 2A) when compared with Au(111) 
(Figure 2C) electrode. According to the surface selection rule [44], this latter behavior indicates that 
this band corresponds to a vibration of an adsorbed species. Moreover, the band frequency is similar 
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to that of the adsorbate band observed for both Au(111) and Au(100) electrodes in cyanate-
containing solutions, which were assigned to the asymmetric NCO stretching of N-bonded cyanate 
anions on the basis of DFT calculations [47]. According to the plots in Figure S3 for the Au(100) 
electrode, the  intensity of the band at ca. 2160 cm-1 first increases and then decreases for potentials 
above 0.80 V up to 1.10V. In the subsequent negative-going potential excursion (not shown), the 
band is still observed but with a lower intensity at a given potential than in the positive-going 
potential excursion. Parallel to the decrease of the integrated intensity of the band at ca. 2160 cm-1, 
the corresponding band frequency undergoes redshifting (see also Figure S3). This behavior is also 
typical of adsorbates, that show decreasing band frequencies as a consequence of a lower extent of 
dipole-dipole coupling when their surface coverage decreases [48-50].  
 
4.2.2.  ATR-SEIRAS experiments with gold thin film electrodes. 
Figure 3 shows sets of potential-dependent ATR-SEIRA spectra collected for a Au(111)-25nm 
electrode in a 0.1 M HClO4 solution prepared in water with HU concentrations equal to  0.01, 1.0 
and 10 mM. As in the case of the external reflection spectra described above, the electrode potential 
was changed in a series of steps (by applying ± 0.10 V increments) from 0.10 V (reference potential) 
up to 1.10 V and then down to 0.10 V.  Due to the surface specificity of the SEIRA effect [51], only 
bands for interfacial species are expected to appear in ATR-SEIRA spectra. Some of the observed 
bands in Figure 3 are typical of the gold electrode in the perchloric acid solution [52], namely that 
due to coadsorbed perchlorate anions at 1100 cm-1 and those for the bending mode of water around 
1650 cm-1, the latter being accompanied by changes in the O-H stretching bands between 3000 and 
3700 cm-1. In the spectra for the 0.01 M HU solutions, the potential dependences of these bands are 
similar to those reported for the pure perchloric acid solution [52]. In this way, the OH bending 
modes for weakly hydrogen-bonded interfacial water at potentials below the PZC (as for the 
reference spectrum) appear as a negative-going band at ca. 1610 cm-1 whereas strongly hydrogen-
bonded water at potentials above the PZC appears as a positive-going band at ca 1650 cm-1 [52]. The 
intensities of the signals of water and perchlorate decrease for HU concentrations higher than 0.01 
M, probably due to competition from increasing amounts of adsorbates coming from HU.  
A first conclusion from the comparison of the spectra reported in Figure 3 with those obtained in the 
external reflection experiments described above, is the absence of bands ascribed to solution species 
(namely, those for carbon dioxide and nitrous oxide (or isocyanic acid)). The latter species, being 
10 
 
formed upon HU oxidation and trapped in the thin solution layer typical of external reflection 
experiments, can be evacuated easily far from the vicinity of the gold thin film electrode when using 
the Kretschmann’s configuration in the internal reflection experiments. Thus no accumulation of 
dissolved HU oxidation products is detected in the potential-difference spectra reported in Figure 3. 
On the contrary, the band at ca. 2160 cm-1 assigned above to N-bonded adsorbed cyanate anions is 
observed for potentials higher than 0.80 V in the 0.01 mM HU solution and for potentials above 0.70 
V for higher HU concentrations. The effect of the electrode potential on the band intensity and 
frequency of this feature is reported in Figure S4 for all the studied HU concentration values. As a 
difference with results reported in Figure S3, the band intensity steadily increases up to 1.1 V for all 
the HU concentrations, this behavior being paralleled by a constant blueshift of the band frequency 
values. Note that the observed band frequency values go well above 2200 cm-1 whereas a constant 
decrease of the latter is observed in the plot shown in Figure S3. As an explanation of this difference, 
it has to be recalled that the replacement of desorbed cyanate molecules by new adsorbed cyanate 
molecules formed from dissolved HU molecules is feasible in the Kretschmann’s configuration used 
in the ATR-SEIRAS experiments but not in the thin layer configuration employed in the external 
reflection experiments. Band intensities and frequencies increase also for a given electrode potential 
when increasing the HU concentration.  
In addition to the adsorbed cyanate band, other positive-going bands can be detected in the spectral 
region between 1300 and 1900 cm-1 in the HU containing solutions with concentrations above 1 mM 
and for potentials above 0.70 V, that can not be observed in the external reflection spectra. These 
bands, one around 1810 cm-1, with a shoulder at lower wavenumbers, and a second one at ca. 1405 
cm-1, can be related to the existence of various intermediate species formed during the oxidation of 
HU. Also an absorption band seems to appear at ca 1675 cm-1, thus overlapping with the band for the 
bending mode of interfacial water at ca. 1650 cm-1.  
The interferences from interfacial water bands in the in situ infrared spectra shown in Figure 3 can be 
avoided by carrying out the ATR-SEIRAS experiments in deuterium oxide solutions. Sets of 
potential-dependent ATR-SEIRA spectra were obtained in perchloric acid solutions prepared in D2O 
with HU concentrations ranging from 0.01 to 10 mM. Some potential-dependent spectra for the 10 
mM HU solution are reported in Figure 4. The spectra collected under these conditions show bands 
for the O-D stretching and bending vibrations that appear, respectively, around 2500 and 1250 cm-1. 
Even if the former feature overlaps partially with the band of adsorbed cyanate at ca. 2170 cm-1, the 
spectra obtained in the HU-containing D2O solutions show effects of the electrode potential and HU 
concentration on the band intensities and frequencies of this latter feature which are similar to those 
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reported above in water solutions. On the other hand, Figure 4 shows that the bands in the spectral 
region between 1300 and 1900 cm-1 in the deuterium oxide solution are clearly free from the 
interferences of OD bending bands. Thus, the bands at 1792 and 1653 cm-1 (with shoulders at higher 
wavenumbers) can be better appreciated. Regarding the band observed at ca. 1403 cm-1 in D2O 
solution, this feature is also observed at nearly the same wavenumber as in water solutions.  
Some of the experiments reported above suggest the existence of processes leading to the 
accumulation of adsorbates at the gold electrode surface when cycling the electrode potential in the 
HU-containing solution. In this way, decreasing current densities in successive voltammetric cycles 
recorded with gold single crystal electrodes are observed in Figure S1. In order to explain this 
behavior, additional ATR-SEIRAS experiments were carried out in a 10 mM HU+0.1 M HClO4 
solution prepared in water. In these experiments the infrared spectra where collected while the 
electrode potential was slowly cycled several times from 0.10 to 1.10 V and then back to 0.10 V. 
Figure 5 shows the spectra obtained in the positive- and negative-going sweep during the first, 
second and fifth cycles. Bands at ca. 2170, 1800 and 1400 cm-1 appear and disappear in the spectra as 
a consequence of the cyclic changes of the electrode potential.  Also, a cyclic behavior is observed 
for the band at ca. 1650 cm-1. Unfortunately, the latter band is overlapped with positive- and 
negative-going features associated to interfacial water molecules. Besides, since all the spectra are 
referred to a common single beam spectrum collected at 0.10 V before the first positive-going sweep, 
a sustained shift of the baseline in the water region gives rise to the development of a positive-going 
band for water at 1640 cm-1. The plots as a function of the electrode potential of the band intensities 
for the features at ca. 2170, 1800 and 1400 cm-1 are shown in Figure 6. The intensities of all the 
bands mentioned above increase in the positive-going sweep and, except for the band for adsorbed 
cyanate (that undergoes a sudden decrease at 1.10 V, probably related to its oxidation to carbon 
dioxide [47]), still increase while the electrode potential is decreased down to 0.80 V in the 
subsequent negative-going sweep. At less positive potentials the intensity of all the bands decrease, 
reaching a zero value at 0.20 V. This latter behavior indicates that adsorbed species being formed in 
the positive-going sweep are fully desorbed at the end of the negative-going sweep. However, plots 
in Figure 6 show very important hysteresis, especially those for the bands at 1800 and 1400 cm-1. For 
these latter features, and for potentials above 0.20-0.30V, the intensity at a given electrode potential 
is significantly higher in the negative- than in the positive-going sweep. Namely, whereas no 
significant absorption is detected below 0.70 V in the positive-going sweep, bands are detected in the 
negative-going sweep down to 0.30 V. The shape of the band intensity vs electrode potential plots 
also changes with the number of potential cycles, with the bands appearing in the positive-going 
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sweep at less positive potentials as the number of cycles increases. Note that, in all cycles, the band 
for adsorbed cyanate (that according to the plots in Figure S3 appears at the same electrode potential 
as that for carbon dioxide and the one attributable to isocyanic acid and/or nitrous oxide) is observed 
at slightly lower potentials than those for the bands between ca. 1300 and 1900 cm-1 (0.70 V vs ca. 
0.80-0.90 V). However, the onset for the development of these latter features is observed at 
potentials below that for the maximum cyanate band intensity (around 1.10 V). It has to be also noted 
that all the changes in the band intensity plots shown in Figure 6 are essentially paralleled by changes 
in the corresponding plots for the band frequency (see Figure S5). Higher band intensities imply 
higher band frequencies. In the case of the feature at 1780-1810 cm-1, the plots in Figure S5 (which 
show the potential-dependent behavior of the band frequency of the more intense feature in this 
spectral region) clearly show the existence of two contributions and the changes of their relative 
intensities as a function of the electrode potential. The contribution above 1800 cm-1 predominates at 
potentials above 0.70 V, whereas that around 1785 cm-1 predominates for potentials between 0.70 
and 0.30 V in the negative-going sweep. An apparent discontinuity is observed in the frequency-
potential plot for the band at ca. 1800 cm-1. This only reflects that below that particular potential 
value the highest absorption corresponds to the the lowest wavenumber of the two partially 
overlapped signals.   
 
5. DFT results.   
DFT calculations were carried out in order to obtain optimized adsorption geometries (see Figure 7 
and Table 1) and theoretical harmonic vibrational frequencies (shown in Table 2) for six different 
species that can be formed from HU while keeping the NCN skeleton. These include the molecule of 
HU itself (adspecies I), as well as five other adsorbed species that can be generated from HU in a 
sequence of oxidation steps (each one involving the loss of one proton and one electron). Formation 
of adspecies II to IV would involve the breaking of N-H bonds as previously reported for the 
adsorption of urea on platinum [11,15]  and gold [12] electrodes. In the case of HU we have also 
considered the oxidative loss of the H atom in the OH moiety, to form a nitroso compound (adsorbed 
nitrosoformamide (adspecies V) or its deprotonated form (adspecies VI)), as this functional group 
has been reported to be formed as a consequence of HU oxidation [5-9]. Scheme I shows the reaction 
network that links through monoelectronic redox reactions the six adsorbed species considered in our 
calculations.  
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Table 1 summarizes the N-Au distances (both for –NHx and –NO) measured for these optimized 
geometries. The values can be divided in three ranges, depending on whether the N-Au bond can be 
considered as covalent, dative (involving lone pairs of the nitrogen atom) or nonexistent. The 
shortest distances correspond to the first case, with values between 215 and 224 pm. Slightly longer 
distances (ranging from 238 to 299 pm) correspond to the weaker, dative bond. Finally, in the 
absence of N-Au bonding, the N-Au distances are around 350 pm, too long for a chemical bond 
interaction. 
Regarding the tilting of the Au-N bonds with respect to the normal to the metal surface, the angles in 
all cases are below 10º, except for HU, with a value close to 12º. A more significant geometric 
parameter is the tilting of the molecular plane (that of the NCN skeleton) of the adsorbate with 
respect to the normal. In all cases, except for HU, this tilting is below 45º. This means that vibrations 
of these adsorbates can have a non-negligible component of the transition dipole in the direction 
perpendicular to the metal surface, thus making feasible their identification by in-situ surface IR 
techniques both under external reflection conditions  [44] and in ATR-SEIRAS experiments  [53]. 
For HU the tilting is much greater, with the molecular plane being not far from parallel to the 
surface. This adds to its weak interaction with the metal, reinforcing the conclusion about its 
irrelevance for the assignment of the recorded experimental bands. 
The calculated harmonic frequency values between 1900 and 1300 cm-1 for both H- and D-
containing (values in brackets) species are summarized in Table 2, where they can be compared with 
experimental values from the ATR-SEIRA spectra collected at 1.0 V in the 10 mM HU solution. 
Note that the replacement of hydrogen by deuterium in D2O solutions is expected due to the acid-
base equilibria involving the N-H and O-H groups in hydroxyurea.  
 
6. Discussion. 
The spectroelectrochemical results reported in this work have shown that HU electrooxidation 
proceeds at gold electrodes above 0.70 V RHE, as a fully irreversible, complex oxidation process. 
Voltammetric current profiles indicate that the oxidation currents are limited by adsorption 
processes, not being limited by mass transport (diffusion) in the solution. This is especially evident 
for the Au(100) electrode with a nearly identical current response in the negative- and positive-going 
sweep directions (between 0.10 and 1.10 V RHE). Experimental evidences strongly indicate the 
formation of adsorbed species that can contribute to the observed decrease of the HU 
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electrooxidation currents with potential cycling and that rapidly accumulate on the electrode surface 
when the negative-going voltammetric sweep is restricted to potentials higher than 0.70 V. 
 
Two main aspects of the experimental espectroelectrochemical results reported in this work have to 
be considered for discussion. The first one is related to the main reaction products formed during HU 
electrooxidation at gold electrodes that can be identified in the IRRAS experiments. The second 
point to consider is the nature of intermediate species detected from the ATR-SEIRA data in the light 
of the DFT calculations for HU and related species.  
 
The external reflection IR experiments with Au(100) and Au(111) electrodes have clearly shown the 
formation, as products of the irreversible oxidation of HU, of dissolved CO2 (trapped in the solution 
thin-layer) as well as adsorbed (N-bonded) cyanate (confirmed by the intense bands appearing in the 
ATR-SEIRA spectra). An absorption band at ca. 2230 cm-1 can be assigned either to dissolved 
isocyanic acid (HNCO) (formed from the protonation of adsorbed cyanate) or to N2O (formed from 
the oxidation of hydroxylamine, the latter species being formed together with cyanate anions upon 
HU dissociation). These observations suggest the existence of a complex mechanism with several 
parallel paths involving the dissociation of HU to adsorbed cyanate (that can protonate to yield 
dissolved isocyanic acid) and hydroxylamine (readily oxidized at gold electrodes to nitrous oxide 
[24]) 
 
H2NCONHOH   → OCN-(ads) + NH2OH + H+    (1) 
2 NH2OH →N2O + H2O + 4H+ + 4e      (2) 
We can consider also the direct oxidation of HU to carbon dioxide and hydroxylamine (followed by 
reaction (2)) 
H2NCONHOH  + 2 H2O → CO2 + 2 NH2OH + 2 H+ + 2 e   (3) 
Whereas carbon dioxide and nitrous oxide have been detected as products of the chemical oxidation 
of HU [5-9], the formation of cyanate can be favoured during the electrooxidation of HU due to its 
strong adsorption at gold electrodes. The formation of nitrosoformamide,  
H2NCONHOH   → H2NCONO + 2 H+ + 2 e    (4) 
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found as intermediate under chemical oxidation conditions [5-9], and proposed as the dissolved 
oxidation product of HU at carbon paste electrodes [18,19], can not be confirmed from our IRRAS 
experiments.  It has to be remarked that nitrosoformamide in solution has been proposed to 
hydrolyze to HNO and carbamic acid (NH2COOH), which would readily decompose to carbon 
dioxide and ammonia [6,8]. 
The strong exaltation due to the SEIRA effect has allowed the recording of several well-defined IR 
peaks in the region between 1300 and 1900 cm-1 for the Au(111)-25nm thin layer electrodes which 
provide strong experimental evidences for the formation of adsorbed species other than N-bonded 
cyanate. From the data in Table 2 it can be concluded that none of the recorded IR signals (appearing 
around 1800, 1650 and 1400 cm-1 in the experiments carried out in water, with very slight shifts 
when using deuterium oxide as the solvent) can be assigned to the vibrational modes of adsorbed 
hydroxyurea (adspecies I). Calculated wavenumbers (for the non-deuterated species) appear at 1712, 
1572, 1498 and 1375 cm-1. This, together with the weak HU-metal interaction and very strong tilting 
of the molecular plane seems to exclude adsorbed HU from being at the origin of any of the 
experimental IR bands.  
After discarding adspecies I, we will focus on the eventual assignment of the experimental adsorbate 
bands (other than cyanate) to species II to VI. The feature appearing around 1800 cm-1 can be clearly 
assigned to the stretching of the carbonyl group of adspecies V and VI (i.e. those with a nitroso 
group,  NHxCONO (with x=2 or 1), with calculated values of 1810 and 1792 cm
-1 and almost 
negligible shifts upon deuteration. These species correspond in fact to nitrosoformamide, detected 
here in the adsorbed (eventually deprotonated) form 
H2NCONHOH   → H2NCONO(ads) + 2 H+ + 2 e    (5) 
H2NCONO(ads)   → HNCONO(ads)   +  H+ +  e    (6) 
From the spectroscopic results reported in this work it can be stated that adsorbed nitrosoformamide 
species persist at the gold electrode surface at least for potentials below 1.10 V.  
Several species have theoretical frequencies relatively close to 1650 cm-1. First of all, the NO 
stretching band for species V (1591 cm-1) and VI (1620 cm-1) lie in this spectral region, although the 
corresponding dynamic dipoles are almost parallel to the electrode surface (specially for species V). 
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Other candidates for explaining the bands at ca. 1650 cm-1 are the CO stretching modes of adspecies 
II  (1684 cm-1),  III (1620 cm-1), and IV (1650 cm-1). All these values agree reasonably with the 
experimental ones, as the discrepancy amounts to around 2% of the experimental value, which in 
turn has an uncertainty estimated in 8 cm-1. Note also that the calculated CO stretching frequencies 
are similar to those obtained for adsorbed ureylene (deprotonated N-bonded urea, NHCONH)  
species at Pt(100) surfaces by García-Hernández et al. [54], that validated previous assignments of 
the infrared bands observed experimentally for Pt(100) electrodes in acidic urea-containing solutions 
[11]. These assignments were based on a comparison with the spectra reported for urea coordination 
compounds, for which the corresponding CO and NCN stretching frequencies were related to 
bonding either through the N atom (CO stretching bands above ca. 1600 cm-1) or through the O atom 
(CO stretching bands below ca. 1600 cm-1) [55-57].  
Discriminating species II to VI from vibrational bands other than the CO stretching band is 
complicated in some cases by the orientation of the corresponding dynamic dipole, which is almost 
parallel to the electrode surface. This is the case of the NH2 bending mode for species III and V and 
the N-OH bending for adspecies II, III and IV (see Figure 7). The same holds for the asymmetric 
NCN stretching for species II to IV and VI. Besides, the calculated frequency values lie in a region in 
the experimental spectra which is obscured by the interferences from spurious absorption due to 
uncompensated Si-O bands coming from the silicon prism and from co-adsorbed perchlorate bands.   
The most problematic assignment is that for the bands appearing around 1400 cm-1 in the spectra 
collected both in water and deuterium oxide. The adspecies (apart from I) having theoretical 
frequencies relatively close to that value are species II (1464 cm-1) and III (1412 cm-1), being both 
related to the NOH bending mode. However, in both cases these values are strongly shifted upon 
deuteration (to 1260 and 1151 cm-1 respectively). In any case, the possible presence of adspecies II 
and III can not be ruled out, as it could be argued that the signals for the deuterated species could 
overlap with the experimental Si-O and co-adsorbed perchlorate signals (see above). In any case, the 
features around 1400 cm-1 in D2O cannot be explained on the basis of the calculated values reported 
here.  
A possibility for the interpretation of these features could be their assignment to species being formed 
from adsorbed cyanate, which is formed from the dissociative adsorption of hydroxyurea (reaction 
(1)). As previously discussed, in the presence of high concentrations of cyanate anions, the formation 
of adsorbed monocyanurate anions (coming from the dissociation of cyanuric acid, which can be 
considered as a trimer of isocyanic acid) has been proved at gold electrode surfaces [58,59]. 
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Characteristic bands in the ATR-SEIRA spectra obtained both in cyanate and in cyanuric acid 
solutions include well-marked features at ca. 1450 and 1400 cm-1 assigned, respectively, to the 
asymmetric and symmetric NCN stretch of the adsorbed monocyanurate anions. In addition, CO 
stretching bands for adsorbed monocyanurate appear in the range between 1743-1780 cm-1 in a 10 
mM cyanate solution, being observed at 1770-1793 cm-1 for a higher monocyanurate coverage 
reached in a 10 mM cyanuric acid solution (working solutions being both prepared in 0.08 M NaClO4 
as supporting electrolyte) [58,59]. Differences between the spectra obtained in cyanate/cyanurate and 
HU-containing solutions (a single band around 1400 cm-1 and higher CO stretching frequencies in the 
spectra collected for the gold thin film electrode in HU-containing solutions) can not be ascribed to 
the differences in the solution pH since similar spectra to those reported in this work are obtained for 
gold electrodes in contact with HU-containing sodium perchlorate solutions. On the other hand, and 
despite of the high cyanate coverage reached during HU oxidation, the differences mentioned above 
between the spectra collected in cyanuric acid- and HU-containing solutions (that includes the 
absence in the latter case of a band observed at ca. 1580 cm-1 for the asymmetric OCNCO stretching 
of adsorbed monocyanurate [59]) seems to support that bands observed in the HU-containing 
solutions are not related to the formation of monocyanurate anions from adsorbed cyanate.    
Another point open to discussion is the analysis of the fine structure of the features near 1800, 1650 
and 1400 cm-1 in the spectra obtained in the HU-containing solutions.  We have not attempted such a 
detailed analysis of the broadening and splitting of experimental bands, because the presence of 
different peaks (or shoulders) in a given spectral region can be due not only to the existence of  
different species but also to other phenomena. These include the formation of hydrogen bonds [60-
62] that can occur intramolecularly, between neighbouring adsorbates (that can differ in chemical 
composition), or between adsorbates and interfacial water, as well as the extent of dipole-dipole 
coupling in collective modes at high adsorbate coverages [48-50] in wide adlayer domains. 
Moreover, the complexity of the adsorbate layer, with different adsorbates coexisting at each 
potential with different adsorbate coverages, leads to a very rich variety of microscopical 
configurations. Some of these configurations could perhaps explain the observation of the signal at 
1400 cm-1 in deuterated water – though the possibility of other chemical species not considered here 
cannot be discarded a priori. A complete systematic study of these effects with the different 
adsorbates considered would require a great volume of computations, and is out of the scope of this 
work. On this basis, from the frequency values reported, our band assignments should be considered 
as tentative.   
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7.  Conclusions. 
Spectroelectrochemical experiments reported in this work have shown than HU oxidizes irreversibly 
at gold electrodes, the electrode reaction being limited by adsorption processes that contribute to the 
steady decrease of the electrooxidation current during the voltammetric experiments. In situ IRRAS 
experiments suggest the existence of parallel oxidation paths leading to the formation of adsorbed 
cyanate and hydroxylamine or carbon dioxide and hydroxylamine. This latter molecule is highly 
unstable at gold electrodes in the potential range for HU oxidation, giving rise to the formation of 
nitrous oxide, which could be at the origin of the spectral feature appearing at ca. 2230 cm-1. This 
band could also be related to the presence of dissolved isocyanic acid, formed by protonation of 
adsorbed cyanate anions.  
 
The ATR-SEIRA spectra reported in this work confirm the formation of adsorbed cyanate anions 
during HU oxidation, showing a variety of bands in the spectral region between 1300 and 1900 cm-1 
that could be related to intermediate species of the HU electrooxidation reaction.  The weak bonding 
of HU to the Au(111) model surface, evidenced by the long N-Au distance, together with the strong 
tilting of the NCN plane and the strong discrepancy between the calculated frequencies for its 
vibrational modes and those of the experimental bands allow to conclude that it its highly unlikely 
that HU contributes to the recorded surface spectra. Instead, we have interpreted these IR signals, on 
the basis of the calculated geometries and harmonic theoretical frequencies for several adsorbates 
derived from HU by loss of one or more H atoms (coupled to electron transfer) without breaking the 
NCN backbone. The experimental bands around 1800 cm-1 found both in water and in deuterium 
oxide correspond to the CO stretching of adsorbates having a nitrosyl group formed by oxidation of 
the NOH moiety that can be identified from DFT results either as adsorbed nitrosoformamide or its 
deprotonated form. The signals around 1650 cm-1 do not have straightforward an unequivocal 
assignment as they can be due either to the NO stretch of the former species or to the CO stretch of 
different species conserving the NOH group. The full discrimination of contributions from these 
adspecies in the infrared spectra and their potential-dependent interconversion is not possible from 
the present data due to the similarity of the calculated band frequencies for their various vibrational 
modes.  
 
The most problematic assignment is that of the experimental signal at 1400 cm-1. This signal, as 
those around 1650 and 1800 cm-1, shifts marginally upon deuteration. However, the calculated 
frequencies obtained for adsorbed species around 1400 cm-1 are expected to significantly redshift 
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upon deuteration.  The high complexity of the actual experimental system, with several adsorbates 
that may interact (among them and with interfacial water molecules) through hydrogen bonding 
makes unfeasible a fully realistic modelisation that could explain conclusively the assignment of that 
IR signal. 
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Figure captions. 
Figure 1. Cyclic voltammograms obtained for A) Au(111), B) Au(100) and C) Au(111)-25nm 
electrodes during the first voltammetric cycle between 0.05 and 1.10 V  in a x mM HU + 0.1 
M HClO4 solutions.  x= a) 0, b) 0.01; c) 0.1 d) 1 and e) 10. Sweep rate: 50 mV·s
-1. 
Figure 2. Potential-dependent infrared external reflection spectra collected with p- (A,C) or s- 
(B) polarized light for A,B) Au(100) and C) Au(111) electrodes in a 10 mM HU+0.1 M 
HClO4 solution. The reference spectrum was collected at 0.10 V in the same solution. 100 
interferograms were coadded to obtain each single beam spectrum. 
Figure 3. Potential-dependent ATR-SEIRA spectra collected with p-polarized light for a 
Au(111)-25nm electrode in a x mM HU+0.1 M HClO4 solution prepared in water. A) x= 
0.01;  B) x= 1 C) x=10.     The reference spectrum was collected at 0.10 V in the same 
solution. 100 interferograms were coadded to obtain each single beam spectrum. The inset in 
panel C shows an expanded view of the spectra collected at some electrode potentials in the 
10 mM HU-containing solution.  
Figure 4. Potential-dependent ATR-SEIRA spectra collected with p-polarized light for a 
Au(111)-25nm electrode in a 10 mM HU+0.1 M HClO4 solution prepared in deuterium oxide. 
The reference spectrum was collected at 0.10 V in the same solution. 100 interferograms were 
coadded to obtain each single beam spectrum. 
Figure 5. Potential-dependent ATR-SEIRA spectra collected with p-polarized light during the 
first, second and fifth cycle between 0.10 and 1.10 V at 2.0 mV/s. Each spectrum was referred 
to a single beam spectrum collected at 0.10 V before the potential cycles and is the average of 
103 interferograms.  
Figure 6. Plots for the potential-dependent integrated band intensities  of adsorbate bands at 
ca. 2180, 1800 and 1400 cm-1 in the ATR-SEIRA spectra collected with a Au(111)-25 nm 
electrode in 1mM HU + 0.1 M HClO4 solutions between 0.1 and 1.10 V (first (■), second (○) 
and fifth () positive- and negative-going sweeps).  
 
Figure 7.  Optimized adsorption geometries at Au(111) of HU and some intermediates formed 
by partial electrooxidation of HU.  
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Table 1. Calculated nitrogen-gold distances (in pm) for the optimized adsorption 
geometries of HU and some intermediates formed by partial electrooxidation of HU. 
Roman numerals correspond to the structures depicted in Figure 7 and in Scheme 1. 
 
 
Adspecies d NHx-Au / pm dN(O)-Au / pm 
I (HU) 351 299 
II 219 238 
III 253 224 
IV 215 219 
V 342 262 
VI 219 223 
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Table 2. Experimental band frequencies measured in the ATR-SEIRA spectra (collected 
at 1.0 V in the 10 mM HU solution) and calculated harmonic vibrational frequencies for 
HU and some of its oxidation intermediates adsorbed on a model Au(111) surface (all in 
the range between 1900 and 1150 cm-1).  The calculated main contributions to the 
corresponding normal modes are indicated. All wavenumbers in cm-1. Values in 
brackets correspond to the fully deuterated compound. Roman numerals correspond to 
the structures depicted in Figure 7 and in Scheme 1. 
Experimental Calculated 
I II III IV V VI 
1812  
(1789) 
1712 (1688) 
CO 
1684  (1661) 
CO 
1620 (1592) 
CO  
+ sciss NH2 
1650 (1595) 
CO  
+ NOH 
1810 (1806) 
CO 
1792 (1791) 
CO 
1673/1650 
(1623) 
1572 (1355) 
Sciss NH2 
1464 (1260) 
NOH 
+ CNH 
1552 (1242) 
Sciss NH2 
1336 (1223) 
NOH 
1591 (1578) 
NO 
+ Sciss NH2 
1620 (1619) 
NO 
1403  
(1400) 
1498 (1178) 
CNH 
+ NOH 
1320 (1120) 
CNH 
+ NOH 
1412 (1151) 
NOH 
1266 (1106) 
Asym 
NCN 
+ CNH 
1552 (1277) 
Sciss NH2 
+  NO 
1224 (1176) 
CNH 
 1375 (1121) 
Asym NCN 
1290 (1023) 
Asym 
NCN 
+ CNH  
1263 (1093) 
Asym 
NCN 
1186 (1091) 
 CNH 
1219 (1065) 
Asym NCN 
1178 (950) 
Asym NCN 
 1310 (1058) 
Asym NCN 
+ CNH 
+ NOH 
1214 (1001) 
CNH 
+ Asym 
NCN 
+ CO 
    
 
 
